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ABSTRACT

One solution for atmospheric correction and calibration of remotely sensed data from airborne platforms

is the use of radiometrically calibrated instruments, sunphotometers and an atmospheric radiative tTansfer

model. Sunphotometers are used to measure the direct solar irradiance at the level at which they are

operatin., and the data are used in the computation of atmospheric optical depth. Atmospheric optical depth

is an input to atmospheric correction algorithms that convert at-sensor radiance to required surface properties

such as reflectance and temperature. Airborne sun photometry has thus far seen limited use and has not been

used with a helicopter platform. The hardware, software, calibration and deployment of an automatic sun-

tracking sunphotcmeter specifically designed for use on t heficopter are described. Sample data sets taken

with the system during the 1994 Boreal Ecosystem and Atmosphere Study (BOREAS) are presented. The

addition of the sun photometer to the helicopter system adds another tool for monitoring the environment

and makes the helicopter remote sensing system capable of collecting calibrated, atmospherically corrected

data independent of the need for measurements from other systems.

1.0 THE NEED FOR AN AIRBORNE SUN PHOTOMETER

Conversion of airborne at-sensor radiance measurements to at-susface reflectance is needed for accurate inference

of earth surface biophysical parameters. Prior solutions have relied upon measurements of surface reference targets of

known reflectance, duplicate surface-based instruments mounted to view reference panels, and the use of

radiometrically calibrated insu'uments and sunphotometers with atmospheric radiative transfer models (Markham et
al., 1988). For some low altitude data collection under clear conditions it can be assumed that the influence of the

atmosphere is negligible (Lawrence et al., 1994). However, corrections for atmospheric path length effects between
the sensor and the surface can be considerable, even at low altitude, which often renders some solutions

*Presented at the Second International Airborne Remote Sensing Conference and Exhibition. San Francisco,

California, 24-27 June 1996.



inappropriate.
The use of radiometrically calibrated instruments and sunphotometers is a promising solution that provides

both atmosphenc correction and conversion of at-sensor radiance to at-surface reflectance. Sun photometers are used

to measure the direct solar irradiance at the level at which they are operating, allowing for the computation of the
atmospheric optical depth. This provides an input to atmospheric models that convert at-sensor radiance to required
surface properties such as reflectance and temperature. Using satellite-based systems, only the surface-based sun

photometer is required as is currently being done with a project that seeks to deploy a global array of sun
photometers (Holben et al., 1994). For aircraft platforms, ideally, one sun photometer would Ix, operated on the

surface, providing opucal thickness for the entire atmospheric column and another would be operated at the altitude
of the platform, providing optical thickiless from the platform to the top of the atmosphere. The difference between
the full atmospheric column optical thickness and the optical thickness from the platform to the top of the
atmosphere yields optical thickness between the platform and the surface, which is a cleszrable quantity for
atmospheric corrections.

An automatic sun tracking photometer for helicopters (ASTPH), was designed and built taking into account the
special environmental conditions of helicopters (Figure I). The ASTPH is the latest of a series of modifications to a

helicopter-based optical remote sensing system developed since 1984 by researchers at NASA Goddard Space Flight
Center (GSFC) ap,I :,':Uops Flight Facility (WFF) (Williams et al., 1984; Walthall et ai.. 1996). Comparisons
between data sets co ..... ea _uring the First International Satellite Land Surface Climatology Project (ISLSCP) Field
Experiment (FIFE) campaigns indicated atmospheric influences, even at low altitude (Deering et al., 1992). Design,

development and fabrication of the ASTPH took place in the year prior to the field deployment for the BOReal
Ecosystem Atmosphere Study (BOREAS) in Canada (Sellers et al., 1995). Several modifications have been made
since the initial design.

Although the primary motivation for development of the helicopter automatic sun tracking photometer is
providing data for calibration and correction of remotely sensed measurements, the system is useful for the
acquisilion of measurements in support of atmospheric research. Optical thickness as a function of height in the
boundary layer, which an airborne sunphotometer easily provides, is needed to better understand vertical aerosol
distributions.

2.0 DESIGN CRfTERIA

Design specifications for the instrument included a) the ability of the system to withstand the significant
amounts of vibration characteristic of helicopters and to provide reliable readings while looking through the arc of
the rotating main rotor blades, b) a modular design for future additions or modifications, c) the use of off-the-shelf
components where possible to keep cost low, d) compatibility with other sun photometers (spectral bands and

calibration), e) the use of PC-based data logging, and f) minimal alterations to the airframe. The size of the system,
available space, cabling considerations and safety also played a role. Engineers, pilots and mechanics experienced

with helicopters were consulted during the design phase and played an integral pan in integrating the system onto the
aircraft. A Bell'" UH-IH "Huey" helicopter operated by NASA Wallops Flight Facility (WFF) served as the
platform.

3.0 INSTRUMENT DESCRIPTION

The As'r'PH consists of an optical head containing locations for 10 sensors located around a quad-detecto¢ on a
pointable mount (Figure 2). The quad-detector is used to tra,:.k the sun and has a 30 degree field of view (FOV). The
tracking circuitry reads the four detectors and repositions the azimuth and zenith angle motors until the detector
outputs are equal. A PC system interfaced via a GPIB bus is used to calculate angles and position the mount to

view the solar disk on command from the operator, which starts the tracking sequence. Once the tracking system has
engaged the data collection process begins.

"'Manufacturer names are given for information purposes and do not imply endorsement by USDA or NASA.



The optical head is held by a UNIDEX- i I motion controller (zenith and azimuth axes),buih by Aerotek, Inc..
The controller has an onboardCPU system, front panel display, and GPIB port interface. The entire mount is
attachedto the ah-crafion the starboardside, directly overheadof the operator. Dam andcontrolcablesare fed through
an air vent into the back of the experiment instrument rack. The usable azimuth range of the ASTPH is
approximately 12:00 to 7:00 with 12:00 being the direction of the nose of the aircraft. The zone of azimuthal
occlusion is created by the cable length and helicopter main rotor mast. This necessitatesthat the helicopterbe
oriented such that the port sideof the helicopter facesaway from the direcuonof the sun.

The photometer sensorsin use at the present time are silicon detectors with 2 degree FOV opucs.Temperature
effects on the detectors aredealt with via a temperature control cucuit that keepsthe detectorsat the temperature used
during c_ibration. Seven spectral channels (440, 540, 613, 670, 870 and 1030 rim) were chosen to span the visible
and nef.r infrared (NIP,) wavelengths such that except for the 940 nm channel, gaseous absorption is either absent or
minimal. The 940 nm channel measures the water column abundance above the helicopter. Many of these channels

coincide in wavelength with the CE-31g Cimel instruments currendy deployed in support of major global satellite
image analysis programs (Holben et at., 1994). The physical configuration of the helicopter sunphotometer provides
space _'or three additional spectral channels for future use, probably beyond 100_) nm where extinction from larger
particle; is sought.

Sampling rate considerations were a key issues in the design of the instrument. A major problem of mounting

a sun photometer on a helicopter is that the system must acquire data and stay locked on the solar disk while viewing
between the moving rotor blades. Reduction of irradiance beneath moving rotor blades can be considerable. A
sampling rate programmable up to 333ks/see can be obtained, but was not necessary (Figure 3) with the rotor blade

frequency of 9Hz for a complete rotation (18 Hz for blade-to-blade rotation).

4.0 DATA ACQUISITION SYSTEM DESCRIPTION

Analog voltages from the seven photo-detectors located in the optical head are digitized by a National
lnstraments DAQ #AT-MIO-64E-3 12-bit analog to digital converter. The DAQ card is located in one of the ISA
slots of an industrial PC--486 rack mounted computer inside the helicopter cabin. This state of the art A/D card was

needed to get the proper sample rate and collect data from other sensors on board the helicopter (e.g., an atmospheric
pressure transducer, altitude data encoded from a RADAR altimeter, a Photosynthetically Active Radiation (PAR)
sensor, a pyranometer, two infrared thermometers (IRTs), an eight band Modular Multiband Radiometer and a
temperature control device for s spectroradiometer system).

The software used for data collection, data handling and real-tune display was National Insmtments LabView for

Windows. This commercially available software allows the user to set up a software system configured to the
specific hardware in use without having to generate low-level computer language code. The compiled stand alone
program for the application here is approximately 1 megabyte in size. This program is a multi-tasking, real-time
software application that while not actually multi-tasking via multiple processors, does have each individual task

sharing time on the same central CPU. The software application for the sun photometer data is also controlling and
acquiring data from the other sensors also. A digital voltmeter with channel selector switch is located on the front
panel which allows the operator to view the voltage coming from a single channel.

The UNIDEX- i I operates in two different modes: TRAC, and REGULAR. The REGULAR mode is used to

move the mount to the desired starting position (zenith and azimuth). The TRACK mode is used when the quad
detectors are commanded to take control and Irack the sun. The software automatically switches in and out of these

modes via commands from the GPIB port.
The data collection process begins by moving the mount from the HOME (azimuth angle = 12:00, zenith angle

- 0 degrees) to the desired zenith and azimuth angles as specified from operator input. This initial input must be
within 30 degrees of the solar disk. The PC-4g6 then switches the UNIDEX-! ! into the TRACK mode and the

quad-detectors take control, "locking on" the solar disk. The analog output of the photo detector_ is sampled for 100
ms and usually contains at least one blade passing in the data stream. The data is acquired from the hardware at a rate
of 5 ms (which yields 20 data points), and then all data is plotted on the operator screen. The digitized raw solar
irradiance data are saved to disk along with barometric pressure and altitude data which are used later in ,.he data
processing sequence.



•<.0CALIBRATION AND DATA PROCESSING

Calibrationof a sunphotometerinvolvesdeterminingtheexoatmosphericvoltageresponseineach of the

channels.Langleyand intercomparisonmethodsareemployedthatusetheBouguerlaw ofalmosphericextinctionfor

thosechannelsthatdo notincludegaseousdiscreteabsorption.Calibrationofthe940 nm waterabsorptionchannels

arenot reportedhere.Extinctiondue toRayleighscatteringand absorptiondue toozone intheChappuisbandare

includedinthecalibrationprocedure.

The raw datawerefirstscreenedforvoltagedropoutscausedbythepassageofarotorblade.The resulting"clear"

datawas thenprocessedtoobtainaerosolopticalthickness.Calibrationwas performedby two methods.InApril

1994,thesunphotometerwas takentoMount Lemmon (9167')toperforma Langleycalibration(Halthoreetal.,

1992)inthenon-waterabsorptionchannels.Sincetheinstrumentwiringwas reconfiguredafterthecalibration,it

was feltthatthe Mount Lemmon calibrationmay notbe validforflightsin the BOREAS IntensiveField

Campaigns ([FCs).Thus,a specialeffortwas made toperformcalibrat/onby intercomparisonwithsunphotometers

thatwere thoughttobe bettercalibrated.

DuringtheMay 1994.rFC-I,intercomparisonwas made withtheNASA Ames sunphotomcteratCandleLake

(Wrigley,R.,privatecommunication).The resultingcalibrationcoefficientsdifferedfrom Mount Lemmon

calibrationsby atmost 3% and typically2% (Tablel)inmostchannels,thusshowingthattheinstrumentresponse

had notbeendrasticallyalteredby thereconfiguration.However.itwas decidedtousetheAmes intercomparison
coefficientsforbothIFCs IandII.

Due toproblemswithdataloggingdunng theSeptember1994IFC ITI,thesignalsfrom 3channelswere lost

(channels2,5 and 6).Calibrationonceagainbecame a problemofutmostconcern.Intercomparisonwithan 8

channelsunphotomcter,commonly calledSXM-2, was doneattheBOREAS OperationssitenearCandleLakeon a

clearday (September16).Intheabsenceofa mountainsitecalibration,theNASA-builtSXM-2 sunphotometer,

withdetectortemperatureconu'oland automaticoperationincludingdatalogging,was itselfcalibratedbycomparison

witha "standard"Cimel sunphotometeratGoddard SpaceFlightCenterinOctober,aftertheIFC.The transferred

calibration(TABLE I)shows deviationsof lessthan3% inallfunction/ngchannels.Itwas decidedtouse this

calibrationforanalyzingdatafromIFC HI.

The factthatdifferentcalibrationmethodsyieldcalibrationcoefficientstowithinabout:I:3% determinesthe

uncertaintyinthemeasured aerosolopticaltl_cknesstoabout:k0.03;theactualuncertaintyisprobablya little

higherthanthisdue tovariabilityinthedata.Consideringtheconditionsunderwhichthehelicoptersunphotometer

operated,thislevelofuncer_ntyisacceptable.

6.0 SAMPLE DATA SETS

Figure4 shows aerosolopticalthicknessinthe4 channelsthatwereoperatingduringIFC 111fora clearclay

(September16,1994).AlsoplottedistheresultofmeasurementsfromtheSXIVl-2,a sunphotometerthatwas used

asastandardforintercomparJson.The agreementbetweenthetwoinsuumentsisthereforenotsurprising.The reason

fortheapparentdisagreementat,forexample,theI030channelbetweenthetwo inswumentsisdue tovariabilityin

thehelicoptersunphotometerdata.The vat/abilityisseeninallchannelsevenafter_emov/ngthedatadropoutsdue

topassageoftherotorbladeand isoftheorderof+0.Iinthederivedaerosolopt/ca/thicknessalthoushmuch ofit

isconfinedtowithinabout:k0.03(Figure4).Thisvariabilityisadirectconsequenceofvariationsinthevoltage,

thecauseforwhich we can onlyspeculatetobe either(a)shadowsand reflectiondue torotorblades;(b)pointin8

inaccuracies;(c)straylightnoiseinthecollimatorsduetovariabilityinpointing;(d)othervibrat/onrelatednoise.

Figure4 alsoshows that dataarer,btainedrapidlyatleasteverysecondsimultaneouslyinallchannebfora short
duration at each site. The mean and m_:dianvalues of derived a_rosol optical thickness are close to e_ch od_er for the
data shown but the former is much larger if ALL the data are taken into account (that is including those data that
clearly show the effects of partial covering by the rotor blades). It must be noted that the helicopter was just above

the ground at the BOREAS Operations Center with blades rotating for the data shown in Fi_,ure 4.
In Figure 5 a comparison between a ground based sunphotometer and the helicopter sunphotometer flying I000

feet above the surface is shown. The surface measurements were made by an ? channel completely automatic
instrument commonly known as a Cimel sunphotometer which was itself calibrated to a reference instrument at



Ooddard. Only two representative values for the helicopter sunphotometer are shown in tFis flight over a BOREAS

Site (Young Jack Pine site in the Southern Study Area). The agreement between the two instruments is satisfactory

given the known uncertainty in calibration of the two instruments and the variability of the helicopter

sunphotometer. A similar analysis for September 6, 1994 at the same site showed deviations of the order of 0.04 to

0.06 in the three overlapping channels between the mean (and median) values of the helicopter sunphotometer and

the Cimel sunphotometer. Curiously, the v_lues measured by the helicopter sunphotometer were higher thus raising

questions as to the magnitude of the uncert_nty in the calibration of either one or both the insu'uments.

7.0 CONCLUSIONS

Successful use of a sunphotometer aboard a helicopter is demonstrated. Due to the rapid response time of the
silicon detector and the associated electronics, the passage of the rotor blade is a mere nuisance that can be removed

during data analysis. Reasonably accurate values of the aerosol op6cal thickness are obtained in all the channels.

Variability in the measured voltages translates directly to variability in derived aerosol optical thicknesses.
The addition of an on-board automatic sun-tracking sunphotometer system has made the helicopter optical

remote sensing system a self-contained mobile unit that can be used to acquire calibrated remote measurements of

surface parameters. Initial experience with fi_s system shows that accurate and reliable measurements of surface
irradiance, surface reflectance and temperature c_:n be made in remote areas where surface access is difficult or

impractical.
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Figure 1. Automatic Sun Tracking Photometer for Helicopters (ASTPH) mounted on the starboard

side of a NASA Bell UH-1H helicopter.
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Quad Sensor
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Figure 2. Diagram of the front view of the sensor head showing the arrangement o[ the I0
photometer detectors around the centrally located quad detector.
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Figure 3. Sample ASTP 100 mS data block illustrating how the rapid sample time is

suffident for sampling between passes of the main rotor blades. The extremely low
values for band 6 are due to _ error m ",he optical alignment.

"FABLE I: Summaryof Calibranon of Helicopter Sunphotorneter

Location

Mount
Lemmon

_e
Ld_

Candle
l.._c

Channel Number

I 2 3 4 5 6 7

Wavelength. nm
441 540 6 !3 670 870 940 1030

8.45 5.56 5.58 5.24 4.02 - 3.69

Method

Langley
Plol

8.69 5.65 5.48 5.35 4.09 - 3.75 lntercomparison
with Ames.

8.68 - 5.63 5.39 - - 383 Intercomp_ mn
with SXM-2

__L
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Figure 4.AS'FPH measured aerosolopticalthickness (AOT) compared with ground-based

sun photometer-measured values.The variabilityof the ASTPH data isclearlyapparent.
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F:gure 5.Comparison of ASTPH values obtained I000 feet above ground with values from a

ground-based sun photometer shows reasonable agreement for this clear day. The ASTPH

values should be lower than those from the surface, thus illustrating uncertainty in
absolute calibration.
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